Viruses often coinfect single host organisms in nature. Depending on the combination of viruses in such coinfections, the interplay between them may be synergistic, apparently neutral with no effect on each other, or antagonistic. RNA silencing is responsible for many cases of interference or cross-protection between viruses, but such antagonistic interactions are usually restricted to closely related strains of the same viral species. In this study, we present an unprecedented example of RNA silencing-mediated one-way interference between unrelated viruses in a filamentous model fungus, Cryphonectria parasitica. The replication of Rosellinia necatrix victorivirus 1 (RnVV1; Totiviridae) was strongly impaired by coinfection with the prototypic member of the genus Mycoreovirus (MyRV1) or a mutant of the prototype hypovirus (Cryphonectria hypovirus 1, CHV1) lacking the RNA silencing suppressor (CHV1-Δp69). This interference was associated with marked transcriptional induction of key genes in antiviral RNA silencing, dicer-like 2 (dcl2) and argonaute-like 2 (agl2), following MyRV1 or CHV1-Δp69 infection. Interestingly, the inhibition of RnVV1 replication was reproduced when the levels of dcl2 and agl2 transcripts were elevated by transgenic expression of a hairpin construct of an endogenous C. parasitica gene. Disruption of dcl2 completely abolished the interference, whereas that of agl2 did not always lead to its abolishment, suggesting more crucial roles of dcl2 in antiviral defense. Taken altogether, these results demonstrated the susceptible nature of RnVV1 to the antiviral silencing in C. parasitica activated by distinct viruses or transgene-derived doublestranded RNAs and provide insight into the potential for broad-spectrum virus control mediated by RNA silencing.
Viruses often coinfect single host organisms in nature. Depending on the combination of viruses in such coinfections, the interplay between them may be synergistic, apparently neutral with no effect on each other, or antagonistic. RNA silencing is responsible for many cases of interference or cross-protection between viruses, but such antagonistic interactions are usually restricted to closely related strains of the same viral species. In this study, we present an unprecedented example of RNA silencing-mediated one-way interference between unrelated viruses in a filamentous model fungus, Cryphonectria parasitica. The replication of Rosellinia necatrix victorivirus 1 (RnVV1; Totiviridae) was strongly impaired by coinfection with the prototypic member of the genus Mycoreovirus (MyRV1) or a mutant of the prototype hypovirus (Cryphonectria hypovirus 1, CHV1) lacking the RNA silencing suppressor (CHV1-Δp69). This interference was associated with marked transcriptional induction of key genes in antiviral RNA silencing, dicer-like 2 (dcl2) and argonaute-like 2 (agl2), following MyRV1 or CHV1-Δp69 infection. Interestingly, the inhibition of RnVV1 replication was reproduced when the levels of dcl2 and agl2 transcripts were elevated by transgenic expression of a hairpin construct of an endogenous C. parasitica gene. Disruption of dcl2 completely abolished the interference, whereas that of agl2 did not always lead to its abolishment, suggesting more crucial roles of dcl2 in antiviral defense. Taken altogether, these results demonstrated the susceptible nature of RnVV1 to the antiviral silencing in C. parasitica activated by distinct viruses or transgene-derived doublestranded RNAs and provide insight into the potential for broad-spectrum virus control mediated by RNA silencing.
RNA silencing | dicer | argonaute | virus | Cryphonectria parasitica R NA silencing is a homology-dependent RNA degradation mechanism that is conserved in eukaryotic organisms across kingdoms. Briefly, double-stranded RNA (dsRNA), generated from transgenes, endogenous genes, or molecular parasites such as viruses and transposable elements, is processed into small interfering RNAs (siRNA) of 21-26 nucleotides by Dicer or Dicerlike proteins (DCLs). siRNAs are recruited into an RNA-induced silencing complex (RISC), whose major constituent is Argonaute (AGO) or Argonaute-like protein (AGL), an effector molecule (1) (2) (3) . RISC cleaves target RNAs using siRNAs as guides. RNA silencing is part of the host defense mechanism operating primarily against viruses (2, 4, 5) . As a counterdefense tool, viruses encode RNA silencing suppressors (RSSs) that inhibit different steps of the silencing pathway (6, 7) . Therefore, any defects in RNA silencing components typically make hosts supersusceptible or nonhosts susceptible to infection (8) (9) (10) (11) .
There are three types of interplay between coinfecting viruses in a single host-synergistic, neutral (with no effects on each other), and antagonistic interactions-many of which involve RNA silencing. In synergistic infections, the RSS(s) of one virus plays an important role in facilitating the multiplication of unrelated coinfecting viruses. This is exemplified by the observation that potyviruses (HC-Pro RSS) increased potexvirus multiplication and pathogenicity in plants (12, 13) . In antagonistic interactions, a preinfecting virus, usually a very mild strain, incites RNA silencing and interferes with the replication of a closely related severe strain of the same virus (14) . This phenomenon is also referred to as cross-protection, and some attenuating plant viruses have been commercialized as biological control agents (15) . Most, if not all, cross-protection phenomena in plants are shown to be due to RNA silencing (14, 16) . Therefore, RNA silencing-mediated crossprotection in plants is reminiscent of acquired immunity-mediated cross-protection between closely related viruses in vertebrates (17) .
The Cryphonectria parasitica (the chestnut blight fungus) has been established as a model filamentous fungus for studying virus/virus and virus/host interactions (18) . This C. parasitica/virus system provides a unique platform for the exploration of RNA silencing and virus replication (18) (19) (20) . The fungus supports diverse fungal viruses within six different families: Hypoviridae, Narnaviridae, Reoviridae, Partitiviridae, Megabirnaviridae, and Totiviridae. These viruses are from not only the homologous host fungus but also heterologous fungi belonging to different orders (18, 21) . The fungus has two Dicer-like genes (dcl1 and dcl2), four Argonaute-like genes (agl1 to agl4), and four RNA-dependent RNA polymerase (RDR) genes (rdr1 to rdr4) (22, 23) . Among these RNA silencingrelated genes, only dcl2 and agl2 play roles in antiviral defense at the cellular level (4, 24) . No redundant roles have been observed in other dcl or agl homologs, unlike those in plants (25) . Interestingly, dcl2 and agl2 were considerably up-regulated (over 10-fold) by transgenic expression of exogenous dsRNA and infection by mutants of the prototype hypovirus Cryphonectria hypovirus 1 (CHV1) (24, 26) , a member of the expanded picornavirus superfamily (27) . A multifunctional protein encoded by CHV1, p29, inhibits the Significance RNA silencing-mediated virus interference or cross-protection generally occurs between closely related strains of a single virus species. Here, we show strong virus interference between unrelated RNA viruses in the filamentous ascomycetous fungus, Cryphonectria parasitica. Lateral transmission and replication of a totivirus with an undivided dsRNA genome was severely inhibited by a silencing suppressor deletion mutant of the prototype hypovirus with a positive-strand RNA genome or the prototype mycoreovirus with an 11-segmented dsRNA genome, and even by transgenic expression of hairpin RNA of an endogenous fungal gene. This interference required highlevel expression of the key RNA silencing gene, dicer-like 2 (dcl2), but not necessarily argonaute-like 2 (agl2). This study provides insight into broad-spectrum virus control.
up-regulation of these host genes as an RSS (24) . This protein shows phylogenetic affinity to and plays a role similar to potyvirus HC-Pro as a protease, a symptom determinant, and an RSS (28) (29) (30) (31) . It remains unknown whether the up-regulation of agl2 and dcl2 is transgene sequence-specific or virus-specific and to what degree these transcriptional inductions contribute to antiviral defense.
During the course of studying antiviral RNA silencing in C. parasitica, we have found distinct induction patterns of the key RNA silencing genes upon infection by different viruses. That is, some viruses markedly induce the expression of dcl2 and agl2, whereas others do not. In this study, we provide solid evidence for RNA silencing-mediated, sequence-independent virus interference among unrelated RNA viruses. Lateral transmission and the replication of a totivirus, Rosellinia necatrix victorivirus 1 (RnVV1) (32) , which has an undivided dsRNA genome, was abolished by an RSS-deletion mutant of CHV1 or a reovirus with an 11-segmented dsRNA genome, and even by transgenic expression of hairpin RNA of an endogenous fungal gene. This interference coincided with high expression of two key genes for RNA silencing, dcl2 and agl2. A difference was also noted in the level of contribution to the interference between the two host genes.
Results
Behavior of CHV1, MyRV1, and RnVV1 in Wild-Type and RNA SilencingDeficient C. parasitica. Wild-type (WT) CHV1 (CHV1-wt) infection of C. parasitica caused reduced pigmentation and reduced asexual sporulation in the WT standard strain EP155, whereas MyRV1 and a CHV1 mutant lacking most of 5′-proximal ORF A (CHV1-Δp69) induced a similar subset of symptoms, reducing the growth of aerial hyphae and increasing brown pigmentation without affecting sporulation considerably on potato dextrose agar (PDA) media (33, 34) (Fig. 1A) . Infection of C. parasitica by RnVV1, originally isolated from another phytopathogenic ascomycete (Rosellinia necatrix), did not induce macroscopic alterations (32) (Fig. 1A) . In antiviral RNA silencing-deficient mutants of C. parasitica EP155 (Δdcl2 and Δagl2), CHV1-wt, CHV1-Δp69, and MyRV1 commonly showed more severe symptoms than those in EP155 (4, 24) . In contrast, RnVV1-infected mutant hosts exhibited similar colony morphology to their virus-free counterparts (Fig. 1A) . Note that RnVV1 initially induced symptoms in Δdcl2, which, however, was mitigated during repeated subculture (32) .
In these antiviral RNA silencing-deficient hosts, viruses were consistently accumulated at considerably or slightly higher levels relative to those in RNA silencing-competent EP155 (Fig. 1B , upper blots). EP155 induced dcl2 and agl2 expression upon infection by MyRV1 and CHV1-Δp69 significantly compared with RnVV1 infection (Fig. 1B, lower blots) . CHV1-wt carrying the p29 RSS canceled such induction (26) . The agl2 induction was never observed in the Δdcl2 background, at least following infection by CHV1-wt, CHV1-Δp69, and MyRV1, consistent with previous observations that agl2 induction depends upon dcl2 (24) (Fig. 1B,  lower blots) . However, RnVV1-infected Δdcl2 showed a marked increase in agl2 mRNA level. Furthermore, although Sun et al. (24) reported the requirement of agl2 for the induction of dcl2 upon CHV1-wt infection (thus vice versa), dcl2 induction apparently occurred in the Δagl2 host infected by MyRV1, and relatively weakly in hosts infected by CHV1-Δp69 and RnVV1. Therefore, dcl2 transcription could be induced independently of AGL2. CHV1-wt with the p29 RSS successfully interfered with dcl2 and agl2 induction in all host backgrounds tested (Fig. 1B) .
These combined results showed that dcl2 and agl2 induction are regulated by mycovirus infections; they are highly activated by MyRV1 and CHV1-Δp69 but apparently less so by CHV1-wt (through p29 RSS activities) and RnVV1 in EP155. It is striking that the highest induction of dcl2 was observed in MyRV1-infected EP155 and Δagl2 and in CHV1-Δp69-infected EP155 (Fig. 1B,  red arrowheads) .
Interference in RnVV1 Multiplication by MyRV1 and CHV1-Δp69 in C. parasitica. We have previously found virus strain-specific synergistic and apparently antagonistic interactions: CHV1-wt enhances the multiplication of RnVV1, and CHV1-Δp69 represses RnVV1 in EP155 (32) . To further analyze this phenomenon, we devised an assay as shown in Fig. 2 , which was used throughout the study. Two fungal mycelia were inoculated on a single PDA medium side-by-side and grown for 7-10 d (coculture) to allow viruses to move between two fungal strains (horizontal transmission) during hyphal fusion. In this system, either side (L or R) of the two colonies harbored RnVV1, whereas the other side usually carried virus(es) that might affect RnVV1 replication and transmission. Mycelial plugs were taken from designated positions (N, near; M, middle; F, far from the hyphal contact junction), placed on new PDA media, and further subcultured in potato dextrose broth (PDB) media for single-stranded RNA (ssRNA) extraction and subsequent Northern blot and RT-PCR analyses.
When Δdcl2/RnVV1 (L side) was fused with either the recipient EP155 fungus (R side) uninfected or infected by MyRV1 or CHV1-Δp69, Northern blotting of RnVV1 showed different RnVV1 detection profiles (Fig. 3) . RnVV1 was successfully transmitted to and accumulated in originally virus-free EP155 (Fig. 3 , set 1, RnVV1). However, RnVV1 was undetectable in Northern analyses of mRNAs of viruses and host dcl2 and agl2 genes. ssRNA fractions were extracted from virusinfected C. parasitica strains and subjected to the assays. Counterpart virus-free strains were analyzed in parallel. Upper panels show accumulation of viral genomic and/or messenger RNAs (g/mRNAs or mRNAs) (CHV1, MyRV1, and RnVV1), and Lower panels show host gene expression levels (dcl2 and agl2). Significant transcriptional induction of the dcl2 gene is marked by a red arrowhead. Loading control is the ethidium bromide (EtBr)-stained ribosomal RNAs (rRNAs) in this and all the following figures for Northern analyses.
MyRV1-infected or CHV1-Δp69-infected EP155 by Northern blotting and was only faintly detected or undetected by RT-PCR (Fig. 3 , sets 2 and 3, RnVV1). Note that all subcultures from the three positions-N, M, and F-in recipient EP155 showed a similar detection pattern. Importantly, MyRV1 and CHV1-Δp69 moved to Δdcl2/RnVV1 (L side), indicating the occurrence of proper hyphal fusion that would allow for RnVV1 transmission in the reverse direction (Fig. 3 , sets 2 and 3, MyRV1 and CHV1-Δp69). Another important observation is that mRNA levels of dcl2 were substantially increased in EP155 infected by MyRV1 and CHV1-Δp69 but not in virus-free or RnVV1-transmitted EP155 (Fig. 3, dcl2) . These combined results suggest the involvement of activated host antiviral RNA silencing in the inhibitory effects on RnVV1 multiplication and transmission.
Invasive MyRV1 and CHV1-Δp69 Eliminate RnVV1. To further confirm the above observations, we took an inverse approach: MyRV1 and CHV1-Δp69 were transmitted from Δdcl2 (L side) into EP155 infected by RnVV1 (R side). As shown in Fig. 4 , RnVV1 was detectable by Northern blotting in EP155 (set 2, R side) and was transmitted to Δdcl2 (set 2, L side), when cocultured with virusfree Δdcl2. In contrast, when cocultured with Δdcl2 carrying MyRV1 (set 1, L side), RnVV1 in EP155 was no longer detectable by Northern blotting but faintly detectable or undetectable by RT-PCR (set 1, R side). In this combination, MyRV1 invaded EP155 preinfected by RnVV1 and strongly interfered with RnVV1 replication. Although we expected RnVV1 transmission to the L side (MyRV1-carrying Δdcl2) given the coinfection established in the previous experiment in the Δdcl2 background (Fig. 3 , set 2, L side), such transmission was not observed (Fig. 4 , set 1, L side, RnVV1). Similar results were obtained using CHV1-Δp69 as an invader (Fig. S1 ). These suggest that the lateral transfer of RnVV1 from EP155 to Δdcl2 was blocked before the establishment of coinfection with CHV1-Δp69 or MyRV1 in the Δdcl2 background. It seems that RNA silencing was activated upon virus infection in heterokaryotic cells with the EP155 and Δdcl2 karyons during anastomosis and led to RnVV1 clearance. It should be noted that during coculture karyons move from one colony to another more extensively than previously thought (32) .
We also examined interference between CHV1-Δp69 and MyRV1, but these viruses established coinfection in EP155 with similar accumulation levels to those of single infections (Fig. S2) .
Moreover, dcl2 expression levels were comparable between single and double infections, indicating that the antiviral RNA silencing was fully activated by these viruses and that each virus tolerates it. Fig. 1A were inoculated on a large PDA plate, side by side, and grown on the bench-top for 7∼10 d. The left-side (L side) colony was mostly Δdcl2 carrying RnVV1 to be transmitted to the other side, and the right-side (R side) colony was WT, Δdcl2, or Δagl2 in which virus accumulation and host responses were analyzed. After coculture (horizontal virus transmission period), mycelial plugs were taken from the growing edge positioned in the F, M, or N position relative to the hyphal border between the L and R side colonies, and subcultured onto new small PDA plates. These subisolates were further cultured in PDB liquid media in flasks in the dark for 7 d, and ssRNA fractions were recovered for Northern blotting and RT-PCR analyses. Fig. 3 . Inhibition of RnVV1 accumulation by MyRV1 and CHV1-Δp69 in the WT strain (EP155) of C. parasitica. The RnVV1-carrying C. parasitica Δdcl2 strain (L side) was cocultured with virus-free (set 1), MyRV1-infected (set 2), or CHV1-Δp69-infected (set 3) EP155 (R side). Their subculture strains were obtained from the N, M, and F positions of the R sides and from the M position of the L side (Δdcl2/RnVV1). The original paired strains were also included in the assay. Northern blotting was performed in this and subsequent figures to detect mRNAs of RnVV1, CHV1-Δp69, given segment(s) of MyRV1 (segment S1 in this figure), and the host dcl2 and/or agl2 gene (Northern blotting). Detection targets are specified on the right of each panel. Supporting RT-PCR analysis to detect RnVV1 and host actin mRNAs is presented at the bottom (RT-PCR). Sizes of DNA fragments are shown on the left. Arrows above the lanes indicate the theoretical direction of virus movement, and bars refer to originally virus-free strains in this and subsequent figures. DI-RNA, defective-interfering RNA.
DCL2 but Not AGL2 Is Essential for the RnVV1 Interference. We were interested in defining the functional roles of AGL2 and DCL2 in this RnVV1 interference. In cocultures, RnVV1-infected Δdcl2 and Δagl2 (L side) were allowed to undergo hyphal fusion with virus-free, MyRV1-infected, or CHV1-Δp69-infected counterparts. In the Δdcl2 background, RnVV1 and each of the two other viruses were bidirectionally transmitted and established coinfections (Fig. 5A) . RnVV1 accumulated at high levels regardless of single or double infections. The expression levels of agl2 varied, suggesting that AGL2 has no effect on RnVV1 accumulation levels in the absence of DCL2. The same experiment in the Δagl2 background showed interesting differences. Firstly, RnVV1 failed to establish coinfection with MyRV1 in Δagl2 (Fig. 5B, set 2) , unlike in Δdcl2, but RnVV1 was successfully transmitted to virusfree and CHV1-Δp69-infected Δagl2 (Fig. 5B, sets 1 and 3) . Secondly, the dcl2 expression level in Δagl2/CHV1-Δp69 was considerably lower than that in Δagl2/MyRV1 (Fig. 5B and Fig. 1B, dcl2) . Thus, maximal up-regulation of the dcl2 expression appears to be required for RnVV1 interference, and this can occur in the absence of agl2 (Fig. 5B, set 2 (Fig. S3) .
Accumulation. Transgene-generating dsRNAs (hairpin RNAs) have been reported to induce dcl2 and agl2 expression in this fungus (24) . We examined whether the transgene-induced dcl2 and agl2 result in the reduction of RnVV1 transmission/accumulation as observed above. A well-characterized endogenous, mitogen-activated protein kinase (CpMK1) gene (35) was targeted with a hairpin construct in EP155, and we obtained CpMK1-knockdown lines (EP155/CpMK1-KD) in which CpMK1 expression levels were reduced compared with WT EP155 (Fig. S4 A and  B) . The dcl2 mRNA levels in the EP155/CpMK1-KD were higher than those in EP155, and thus, dcl2 induction was triggered by the hairpin RNAs (Fig. S4B, dcl2) . Using one of these nonvirally dcl2-induced strains, we performed RnVV1 transmission assay from Δdcl2/RnVV1 (L side) into EP155/CHV1-wt, EP155/Twtp29 (the CHV1 p29-expressing strain), EP155, EP155/CpMK1-KD, and EP155/MyRV1 (R sides) to analyze the behavior of RnVV1. As shown in Fig. 6 , Northern analysis revealed various levels of RnVV1 accumulation and virus levels declined basically in inverse proportion to host dcl2 mRNA accumulation. The RnVV1-mRNAs were most abundantly accumulated in the Δdcl2 background, Fig. 4 . Clearance of preinfected RnVV1 from EP155 by invasive MyRV1. The MyRV1-infected (set 1) or virus-free (set 2) C. parasitica Δdcl2 strain (L side) was cocultured with the RnVV1-infected EP155 strain (R side, EP155/RnVV1), and subcultures were obtained from the N and F positions of the R sides. The subcultures from the L side (Δdcl2/MyRV1 and Δdcl2, M position) and original cocultured strains were included as controls. Northern blot and RT-PCR analyses were performed as described in Fig. 3 . 
-KD and EP155/MyRV1, RnVV1 was no longer detectable and these fungi consistently showed elevated dcl2 and agl2 expression. Note that RnVV1 can replicate in a knockout mutant of CpMK1 (CpMK1-KO) (35) to a comparable extent as in EP155 (Fig. S4C) , thus eliminating the possibility that the RnVV1 interference in CpMK1-KD was mediated by reduced expression levels of CpMK1.
Overall, we conclude that the strong interference with RnVV1 by CHV1-Δp69, MyRV1, and transgenically expressed dsRNA specifically occurs in conjunction with massive dcl2 induction.
Discussion
Various interactions have been reported in the C. parasitica/virus system: one-way synergism between CHV1 [nonsegmented (+) RNA genome] and MyRV1 (11-segmented dsRNA genome) (36) , and the generation of MyRV1 genome rearrangements by CHV1 coinfection; transgenic expression of its RSS, p29; or deletion of host dcl2 or agl2 (37, 38) . This study focused on different virus/ virus interplays involving RnVV1 (undivided dsRNA genome) and showed that (i) MyRV1 and an RSS-lacking CHV1 mutant, CHV1-Δp69, interfere with the replication and lateral transmission of unrelated RnVV1 in WT C. parasitica; (ii) this interference is also mediated by transgene-derived dsRNA; (iii) disruption of dcl2 completely abolished the interference, whereas disruption of agl2 did not always do so; and (iv) the interference coincided with high levels of accumulation of the dcl2 and agl2 transcripts. Taken together, these results indicate that RnVV1 interference is mediated by RNA silencing activated by the interfering viruses or transgenic hairpin RNA, in which the primary player is DCL2. Such virus interference appears to operate at the intracellular replication level, as supported by the observation that invasive MyRV1 and CHV1-Δp69 inhibit replication of the preexisting RnVV1 in the WT EP155 host background (Fig. 4 and Fig. S1 ). The apparent inhibition of RnVV1 transmission (Figs. 3 and 5B and Fig. S3 ) is considered to be a manifestation of blocked RnVV1 replication.
The mechanisms for RNA silencing suppression by CHV1 are well-studied, but there is little understanding of how MyRV1 and RnVV1 avoid their host RNA silencing systems. Segment S10 of MyRV3, a member of the genus Mycoreovirus with a 12-segment genome, encodes an RSS (39) . Although the suppressor activities of MyRV3 S10-coded VP10 against transgene silencing have been validated, those against virus infection remain enigmatic. Interestingly, MyRV1 (11-segment genome) has no counterpart to MyRV3 VP10. In addition, no synergistic interactions were found between MyRV1 and CHV1-Δp69 (Fig. S2) , unlike between CHV1-wt and RnVV1 (Fig. 6) . These results suggest that MyRV1 lacks an RSS. RnVV1 appears to be targeted by a steady-state level of RNA silencing (Figs. 1 and 3 ), but there is no evidence that RnVV1 encodes an RSS. In support of this, no RSS activities were detected in another totivirus, Magnaporthe oryzae virus 2 (MoV2) (40) . The same authors identified MoV2 siRNAs derived from both the virus negative and positive strands. This suggests that genomic dsRNA serves as a template for DCL in the host fungus, Magnaporthe oryzae, but it then remains unclear how virus dsRNA, believed to be confined within particles, is exposed to DCL. Highly structured regions of viral mRNA appear to serve as DCL templates (41) . Whether the same is true for totivirus mRNA also remains elusive.
Considering the aforementioned points, we propose a model to account for the RnVV1 interference observed here in view of RNA silencing levels. In this model (Fig. 7) , RNA silencing levels are determined based primarily on expression levels of AGL2 and DCL2, which are influenced by infection with CHV1-Δp69 and MyRV1. There are several key unanswered questions. Firstly, how do DCL2 and AGL2 exert differential effects on RnVV1 interference? Different levels of contribution of key RNA silencing players to antiviral defense were noted earlier in Drosophila melanogaster in which AGO2 and Dicer-2 (DCR2) play major roles in antiviral defense. AGO2 appears to make a greater contribution to defense against cricket paralysis virus (CrPV) than DCR2, when examined according to survival rate (42), whereas mutation of DCR2 has a slightly greater positive impact on flock house virus accumulation (10) . In C. parasitica, RNA silencing-mediated RnVV1 interference did not always require AGL2 (Fig. 5 and Fig. S3 ), a phenomenon more prominent than the precedents in insect hosts. As long as dcl2 expression was sufficiently elevated, RnVV1 multiplication was impaired even in the absence of AGL2. AGL2 appears to indirectly contribute to RnVV1 interference by enhancing dcl2 transcription levels in certain conditions rather than by directly degrading RnVV1 mRNA. CHV1-Δp69 requires AGL2 for fullscale dcl2 elevation, but not MyRV1 (Fig. 5B, compare sets 2 and  3) . The requirement for AGL2 for induction of dcl2 mRNA by CHV1-wt was reported by Sun et al. (24) . An investigation of the mechanism underlying the augmentation of agl2 and dcl2 transcription in C. parasitica is a future challenge.
Secondly, is the virus interference specific for certain virus/ virus combinations? This study showed RnVV1 to be severely affected by RNA silencing, which was activated by the other two viruses. It is obvious that MyRV1 and CHV1-Δp69 can survive and establish coinfection at highly activated RNA silencing levels (Fig. S2) . However, RnVV1 is highly susceptible to RNA silencing such that its accumulation was often below the detection limit for RT-PCR (Figs. 3 and 4) . This may be associated with the apparent lack of an RnVV1 RSS, as discussed earlier. In this regard, how CHV1-Δp69 and MyRV1, apparently lacking RSSs, tolerate the activated antiviral state remains elusive. The high susceptibility of RnVV1 to RNA silencing may also be related to the fact that RnVV1 is from a heterologous fungus, R. necatrix (43), and has not adapted to the new host, C. parasitica. To examine this possibility, it would be interesting to compare the genome sequences and tolerance to RNA silencing of RnVV1 maintained for a long term by repeated subculturing in the natural and experimental hosts. Alternatively, RnVV1 may by nature be highly susceptible to RNA silencing. Support for this comes from the . Hierarchic reduction of the RnVV1 accumulations in inverse proportion to dcl2 expression levels. Northern analysis of mRNAs for RnVV1 and the host dcl2 and agl2 in EP155 variants. RnVV1 was horizontally transmitted from Δdcl2 (Δdcl2/RnVV1, donor) into the EP155 variants (RnVV1 recipients): CHV1-wt-infected strain (EP155/CHV1-wt), p29-expressing strain (EP155/ Twtp29), virus-free strain (EP155), CpMK1-KD strain (EP155/CpMK1-KD), and MyRV1-infected strain (EP155/MyRV1). Two independent transmission assays (two lanes per recipient) were conducted for each EP155 variant, and subcultures from the M positions were analyzed for RnVV1 accumulation (RnVV1) and dcl2 and agl2 expression levels (dcl2 and agl2).
observation by Drinnenberg et al. (44) that Saccharomyces cerevisiae virus L-A (SsV-L-A) is highly susceptible to RNA silencing restored in S. cerevisiae. SsV-L-A is one of the best studied fungal viruses, which belongs to the same family, Totiviridae, as RnVV1 (45, 46) . It should also be determined whether other viruses of C. parasitica origin are subject to RNA silencing-mediated interference in the same way as RnVV1.
Similarly, whether this interference is specific for the fungal host C. parasitica is another interesting question to address. The responsiveness of dcl2 and agl2 homologs upon virus infection has been poorly explored in other fungus/virus systems. In Neurospora crassa, these genes are induced by transgenically expressed hairpin RNAs. However, no virus has been isolated as an infectious entity in this fungus (18) . Plants generally carry larger numbers of DCL and AGO genes than fungi, and some of them are functionally redundant. Plants have RDR genes to amplify sequence-specific silencing signals by converting aberrant RNAs into dsRNA as substrates for DCLs. These genes might be regulated transcriptionally and posttranscriptionally. However, only some genes have been reported to be up-regulated, generally by less than 10-fold, by infections by specific viruses (47, 48) . This smaller magnitude of up-regulation of genes in plants may be compensated by the RDR6/DCL4-mediated amplification of viral siRNA that is functionally substitutable for RNA silencing activation in C. parasitica. Insects operate antiviral RNA silencing with a similar number of genes (DCR2, AGO2, R2D2) to those of C. parasitica (49) . Insect genes responsible for antiviral RNA silencing are generally up-regulated by some viruses or hairpin RNAs (50) (51) (52) . Importantly, there are, however, no examples of RNA silencing-mediated interference among unrelated viruses in plants or insects.
In plants, the RNA silencing-mediated cross-protection requires sequence homology between a preexisting, protective mild strain and a challenging severe strain (14, 16) . siRNAs derived from an interfering virus and integrated into RISC-AGO target challenging viruses for degradation. Thus, the protective and challenge viruses must be closely related at the nucleotide sequence level, and the spectrum of this interference is rather narrow. However, a wide spectrum of RNA silencing-mediated antiviral defenses in plants was recently hypothesized by Ding and colleagues (53) . These authors showed that virus infection activates the production of various siRNAs targeting over 1,000 host genes that include defense-related genes. As mentioned earlier, the virus interference in C. parasitica differs in several ways. In C. parasitica, as long as the dcl2 transcription level is sufficiently elevated by infection by heterologous viruses or transgenic expression of dsRNA (Fig. 7) , no sequence homology is required between interfering elements and susceptible viruses. Viral inhibition most probably relies on the activities of DCL2 to cleave viral dsRNA or structured ssRNA sequence independently and does not always require AGL2 (Figs. 5B and 7) . However, such RNA silencing-based effects can be impaired by viral counterdefense via RSSs such as CHV1 p29, which is able to suppress dcl2 and agl2 expression (Figs. 6 and 7 ). There are many plant genes whose transcription is responsive to and up-regulated by virus infection. The use of their promoters to generate transgenic plants overexpressing major antiviral RNA silencing genes may also result in tolerance against a wide range of virus infections.
Materials and Methods
Fungal and Viral Materials. C. parasitica standard strain EP155 WT and its RNA silencing-deficient derivatives Δdcl2 and Δagl2 were used. The RnVV1 transfectant strain of C. parasitica Δdcl2 (Δdcl2/RnVV1) was previously named A12 (54) . The EP155 strains infected with CHV1-wt, CHV1-Δp69, or MyRV1 were regenerated from freeze stocks (EP155/CHV1-wt, EP155/CHVΔp69, and EP155/MyRV1) (33, 34) . These viruses were horizontally transferred into either EP155, Δdcl2, or Δagl2 from respective donor strains at least three times sequentially to eliminate possible heterokaryon formation (32) . The host and viral strains used in this study are summarized in Table S1 . The fungi were cultured at 22-27°C on PDA plates (6 cm in diameter) on the bench-top for maintenance and phenotypic observations and in PDB liquid media (20 mL) in the dark for RNA preparation.
Plasmid Construction and Artificial RNA Silencing Induction. The CpMK1 gene (accession no. AY166687, coding region 492-1773 consisting of four exons and three introns) was knocked down by transformation of EP155 using a hairpin construct, pCPXHY2-CpMK1-IR, which was constructed based on a conventional expression vector pCPXHY2 (55) . This construct expresses an invertedrepeat messenger of the CpMK1 gene (targeting the 5′ region of the ORF) carrying sense (1-1748/Nco I) and directly connected antisense (492-1200) sequences (Fig. S4A) . Transformation of C. parasitica protoplasts and subsequent selection with hygromycin B were performed as described previously (56) . All transgenic strains were subjected to single conidial spore isolation, and representative homokaryon strains were selected for use (Fig. S4B) .
Horizontal Virus Transmission. Horizontal viral transmission via hyphal anastomosis was allowed by coculture of viral-donor and -recipient fungal strains (Fig. 2) . Mycelial plugs from paired colonies were inoculated on a new PDA plate (9 cm in diameter) side-by-side and cultured for 7-10 d. Mycelial plugs from the growing edge of the donor and recipient sides were transferred to new PDA plates and grown for 3-5 d. These were further subjected to coculture when required.
RNA Extraction. Mycelia-containing PDB media (20 mL) were cultured in the dark at 24°C for 7 d, and fungal flora were obtained by filtration with Miracloth (Calbiochem). These were homogenized in liquid nitrogen, and the resultant powders were mixed with 2.5 mL of the RNA extraction buffer [200 mM NaCl, 100 mM Tris•HCl (pH 8.0), 4 mM EDTA-2Na, 2% SDS (wt/vol)] and an equal volume of phenol/chloroform in a mortar. Aqueous layers were clarified with phenol/chloroform and subsequently with chloroform once each, followed by 2-propanol (equal volume) or lithium chloride (final 2 M) precipitation to obtain total RNA or ssRNA fractions, respectively. The resulting pellets were washed in 70% (vol/vol) ethanol and dissolved in 50 μL of sterilized water, and their concentrations were calculated by NanoDrop 2000 (Thermo Fisher Scientific). The ssRNA samples were subjected to Northern hybridization and RT-PCR analyses, whereas the total RNA samples were simply analyzed by agarose gel electrophoresis with or without nuclease treatments. Fig. 7 . A model for the RnVV1 interference mediated by host RNA silencing. Activities of host (C. parasitica) RNA silencing are influenced by viruses. CHV1-Δp69, MyRV1, and transgenic dsRNA activate antiviral RNA silencing by transcriptional induction (up-regulation) of the dcl2 and agl2 genes. The total mass of DCL2 and AGL2 is correspondingly increased or decreased along with transcription levels, and thus silencing activity should be significantly different. DCL2 and AGL2 may be involved in the positive feedback regulation for activation of RNA silencing. RnVV1 infection does not induce such events as in the case of the virus-free state (basal RNA silencing). RnVV1 is highly susceptible to the C. parasitica RNA silencing pathway. RnVV1 dsRNAs and possibly structured mRNAs are effectively digested by DCL2, and this results in strong interference. This interference is possibly independent of the ssRNA cleavage activity by AGL2. The whole picture illustrates that RnVV1 replication is influenced by host RNA silencing activity, which is modulated by other viruses and dsRNAs.
Northern Blotting. Northern blot assays were performed as described by Chiba et al. (54) . We heat-denatured 1-3 μg (for viruses) and 8-12 μg (for host gene and transgene messages) of ssRNA samples (68°C for 10 min) and electrophoresed them in agarose gels containing formaldehyde in Mops buffer system. RNAs were capillary transferred onto nylon membranes (Hybond N+, Amersham) and fixed by UV Crosslinker CL-1000 (UVP). Specific DIG-labeled cDNA probes were prepared by PCR (PCR DIG Labeling mix, Roche) and hybridized with target RNAs in DIG easy Hyb buffer (Roche) at 42°C overnight in a hybridization oven HB-500 Minidizer (UVP). The membranes were sequentially washed and treated with anti-DIG antibody (Roche) at a 1/10,000 concentration. Alkaline phosphatase-based chemiluminescent detection was then conducted using CDP-Star (Roche) in a dark room with film development or through digital imaging in the ImageQuant LAS 4000 system (GE Healthcare Life Sciences), or by (nitro-blue tetrazolium chloride)/BCIP (5-bromo-4-chloro-3′-indolylphosphate p-toluidine)-based coloring.
RT-PCR. The first cDNA strands were synthesized by M-MLV reverse transcriptase (Takara) with virus-specific primers and oligo-(dT) from 1 μg of ssRNA as templates. PCR fragments of target sequences were amplified by QuickTaq (Takara) polymerase in optimal conditions in 25-30 cycles and were analyzed by agarose gel electrophoresis. Gels were stained by ethidium bromide (EtBr) and photographed under UV illumination in a DolphinChemi system (Wealtec). All oligonucleotide primers used in this study are available upon request.
Supporting Information
Chiba and Suzuki 10.1073/pnas.1509151112 Fig. S1 . Clearance of preexisting RnVV1 from EP155 by invasive CHV1-Δp69. CHV1-Δp69-infected (set 1) or virus-free (set 2) C. parasitica Δdcl2 (L side) was cocultured with the RnVV1-infected WT fungus EP155 (R side, EP155/RnVV1). After 7 d of coculture, substrains were obtained from the N and F positions of the R sides and from the M position of the L sides (Δdcl2/CHV1-Δp69 and Δdcl2, M). The original cocultured strains were also included in the assay. RNA blot analyses were performed to detect mRNAs of RnVV1 and CHV1-Δp69 (Upper) and the host dcl2 gene (Lower) (Northern blotting). Detection targets are specified on the right of each panel. Overexposed film is shown for RnVV1 detection (overexpose). The EtBr-stained rRNAs are shown as loading controls. Arrows above the lanes indicate the theoretical directions of virus movement (bar; virus-free) in the two sets of transmission. Successful RnVV1 transmission (L ← R) in set 2 was observed, and the RnVV1 in set 1 was eliminated by invading CHV1-Δp69 (R side). In Δdcl2/CHV1-Δp69, relatively low levels of dcl2 mRNA were observed after coculture with EP155/RnVV1 (set 1, Δdcl2/CHV1-Δp69, dcl2). This unexpected result was most likely because EP155 karyons were transferred to the L side, as reported by Chiba et al. (32) , and dcl2 was transcriptionally induced by CHV1-Δp69. The abnormally slow growth of Δdcl2/CHV1-Δp69 may have facilitated the accumulation of EP155 karyons in the L side (see Fig. 1A for fungal growth phenotype). An arrow below the panel indicates the probable movement of EP155 karyons, and an asterisk indicates substantial transcriptional induction of dcl2 with contaminated EP155 karyons. DI-RNA, defective-interfering RNA; g/mRNA, genomic and messenger RNA. S3 . Clearance of RnVV1 during cotransmission with MyRV1. C. parasitica Δdcl2 strain doubly infected by MyRV1 and RnVV1 (L side) was cocultured with virus-free EP155, Δdcl2, or Δagl2 strain (R side). Subisolates were obtained from the M position (two independent transmissions) of the R sides. The original paired strains used for these cocultures were included in the assay as controls. Northern blotting of ssRNA samples was performed to detect mRNAs of RnVV1, segments 1 and 4 (S1 and S4) of MyRV1, and the host dcl2 gene. Detection targets are specified on the right of each panel. Overexposed image for RnVV1 detection is provided. Coinfection was maintained only in Δdcl2 (sets 3 and 4), and interference with RnVV1 by MyRV1 occurred in EP155 and Δagl2 (sets 1, 2, 5, and 6). The results support those shown in Figs. 3-5 . The 5′ half of CpMK1 ORF was targeted for transgene-mediated RNA silencing using a hairpin construct pCPXHY2-CpMK1-IR. Blue boxes illustrate CpMK1 exon sequences. Thick red arrows indicate silencing target sequence (sense/antisense orientation). Promoters (Pgpd-1, Pcpmk1) and terminators (Tgpd-1, Tcpmk1) are indicated by thick gray bars. (B) Selection of CpMK-KD lines. The virus-free (EP155, control) and candidate CpMK1-KD strains (CpMK1-KD lines; IR2-1, -4, -5, -6, -7, and -8) were analyzed by Northern blotting of ssRNAs. The mRNAs of CpMK1 and dcl2 were detected. EtBr-stained rRNAs are shown as loading controls. The IR2-1 strain (red) was used for further analysis. A DIG-labeled PCR product (nt positions 100-954 on cDNA) was used as a probe for CpMK1. (C) Effect of CpMK1 on the RnVV1 infection. The accumulation levels of RnVV1 and transcription of CpMK1 and dcl2 in EP155 and in the CpMK1-KO (CpMK1-KO) strain (35) were compared by Northern blotting as performed in Fig. 1 and Fig. S4B . There was no obvious difference in the virus accumulation levels between EP155 and CpMK1-KO, indicating no overt effect of CpMK1on RnVV1 replication. 
